Abstract-Simulation of short gap electrostatic discharge (ESD) in air needs to consider two processes: a surface process and an avalanche process. Two models, a phenomenological approach and a physical approach, considering both discharge processes are proposed for the simulation of short-gap ESD. A new mathematical derivation for the modeling of the surface process is discussed in detail. A new technique to combine surface and avalanche process models is described. Measured and simulated data based on short-gap ESD are provided and compared. Advantages and drawbacks of the proposed models are discussed. Attained results should help to optimize ESD testing.
Modeling of Short-Gap ESD Under Consideration of Different Discharge Mechanisms I. INTRODUCTION

S
HORT-GAP electrostatic discharge (ESD) development depends on two different processes: a surface process and an avalanche process. Both processes contribute to ionization and arc development in air. However, at the present time a model taking both processes into account does not exist. While simulation of the avalanche process is well known [16] - [19] , [22] , [23] , [28] and surface processes in pulsed vacuum discharges have been extensively studied [6] - [15] , neither the surface process in gas-filled gaps nor the combination of surface and avalanche processes have been modeled before.
This investigation provides models for the description of the electrical parameters of an arc discharge in gas, based on measurement data of short-gap ESD. Two models are proposed for modeling of short-gap ESD: a simple phenomenological model and a more complicated physical model. A new technique to combine surface and avalanche modeling is introduced. A mathematical derivation of the surface process modeling and its physical background are given. The advantages and drawbacks of the proposed models compared to measurement data on short-gap ESD are discussed in detail. The attained results should help to optimize ESD testing.
II. MEASUREMENT AND SIMULATION SETUP
A. Measurement Setup
The measurement setup used for investigating ESD current rise [1] is shown in Fig. 1 . It consists of a pulse generator, a AT METALLIC ELECTRODE SURFACE [1] planar gap in the center conductor of a coaxial transmission line and a 50-load. The current is measured using a sampling scope with 20-GHz bandwidth. The coaxial spark gap is constructed of two brass fittings (Ø 9.5 mm). For achieving a uniform field, the inner conductor ends (Ø 4.1 mm) are machined to form a plane semisphere arrangement. The surface roughness ( m after 10-100 discharges) is more than 1 order below the gap distance (60 m). This has been shown using scanning electron microscope (SEM) techniques, and also reported by Nitta et al. [31] . Three parameter ranges for short-gap ESD at metallic electrode surfaces involving different surface and avalanche processes are given in Table I .
B. Simulation Setup
A simplified equivalent circuit as shown in Fig. 2 has been derived for simulating the discharge current . Two equivalent, time-dependent arc resistors model the arc channel. Each of them includes externally measurable effects of discharge processes into the model. For the surface process has been included, while is used to calculate the effect of the avalanche process. After that, the currents , are calculated using the arc voltage and the corresponding equivalent arc resistance. The resistance is the sum of all resistances external to the spark gap. The source voltage is assumed to be constant during the time of discharge development as the rise time of the pulse generator ( ns) is about 1 order longer than the rise time of the discharge development at the gap ( ps) [1] .
C. Process Separation Method
The surface process and the avalanche process are assumed to be separable in time (Fig. 3) . In our case, the surface processes summarizes the injection and acceleration of initial charge carriers (electrons), while the avalanche process describes only impact and ionization processes.
It has been experimentally demonstrated, that the surface process develops independent of the avalanche process [1] . This has been done by comparison of the current rise shape at different gas pressures. The risetime of the current related to the surface process is independent of the gas pressure, while the risetime of the current related to the avalanche process varies with the gas pressure (Fig. 3) .
The surface process, however, influences the avalanche process, namely the steepness of the related current rise, by injection of charge carriers into the gap (chapter IV). However, during the time of the charge carrier injection (which is extremely small ps by measurement, approximately 1-10 ps by theoretical considerations), there is no avalanche (charge-carrier multiplication) inside the gas because the electron energy is below the ionization energy. The charge-carrier injection has ended a long time before the avalanche process becomes significant. Due to the nature of the charge carrier multiplication by electron impact, the current risetime for the avalanche process ( 300 ps) is much longer than the current risetime for the surface process ( 40 ps, difference 1 or 2 orders in time). This time difference is mainly determined by the acceleration of the electrons to an energy sufficient to cause gas ionization. Even though the surface process injects charge carriers into the volume (gas), which are sufficient to influence the avalanche process later in time, during the injection phase they do not influence. This special behavior has been understood and modeled by keeping the equivalent arc resistance of the surface process constant after the finish of the injection process. This unconventional approach may be a subject to discussion of applicability, but the attained results show a good agreement with measured data.
Thus, both processes are assumed to be independent and separable in time and it is possible to combine the equivalent arc resistances of the surface process and the avalanche process to get a consistent description of the discharge development.
III. MODELING OF SHORT-GAP ESD
Modeling of ESD in gaseous media is well known [4] , [5] , [16] - [19] . However, the modeling of short-gap ESD must consider two independent processes: a surface process and an avalanche process. Both processes contribute to the arc channel development [1] .
Our first approach (phenomenological model) is more empirical, it describes voltage and current at the gap avoiding detailed analysis of the physical processes. A newly developed mathematical model has been used to simulate the surface process. Our second approach (physical model) applies a model that is originated from research on vacuum discharges in combination with a refined avalanche model. Both models have been designed and tested for the following conditions.
• Air gap distance: 6-140 m.
• Arc channel diameter: 200-400 m.
• Pulsed voltage source: 0-2000 V.
• Risetime: 5 ns.
• Overvoltage factor: 2-3.
• Electrode diameter: 4.1 mm.
• Uniform field strength: 10-120 kV/mm.
• Air pressure: 2.7-101 kPa.
A. Phenomenological Model 1) Avalanche Process:
The phenomenological model uses the "Toepler Law" [16] , [17] for modeling the avalanche. Detailed mathematical derivation can be found at Pommerenke [4] and Küchler [5] . The "Toepler Law" assumes charge carrier generation via impact ionization. Only fast charge carriers (electrons) are taken into account. The number of charge carriers generated per unit length is described by the ionization coefficient . Recombination and field strength dependency of the ionization coefficient are neglected. The arc channel is in thermal equilibrium. The charge carrier density is constant over the radius of the arc channel. The calculation of the equivalent, time dependent arc resistance as a consequence of charge carrier accumulation via electron impact is given by (1) . The integral describes the complete charge, which has flown through the channel up to the time t.
(1) where "Toepler Arc Constant" ( Vs/m for air at normal pressure); electrode distance arc channel length ; arc current due to the avalanche process (A).
2) Surface Process:
For the modeling of the surface process the extraction of charge carriers from electrode surface into the volume (gas fill) is of particular interest. The calculation of the current is based on charges that have been extracted from the electrode surface. These charges form the surface-charge density (i.e., a thin layer of electrons at the plasma front) and the current density inside the arc channel. The distance between the electrode surface and the plasma front is given by . The type, drift velocity, and acceleration of the charge carriers involved is not further analyzed. The arc channel may be infinitely long. Impact and recombination processes have been neglected. Fig. 4 shows a schematic drawing of the interface between the electrode surface and the gas filled space.
The current density inside the channel can be described as an (unknown) charge multiplied by the time derivative of the charge carrier density (particles per area) at the plasma front (2) The integration over time leads to the surface-charge carrier density at the (moving) plasma front. The surface-charge carrier density describes the carrier density in a thin layer of charges (at the plasma front) injected by the surface process and moving in the volume (gas) or arc channel up to a time where the carrier energy is sufficient to start the avalanche process. The phrase "surface-charge" should indicate that the carriers are concentrated in a very thin layer, the plasma front, so that we can assume to solve a two-dimensional (2-D) problem. Of course, this layer is moving in three-dimensional (3-D) space, but due to the very fast carrier injection the spatial dimension of this layer in the x-axis is negligible (3) where surface-charge carrier density at the plasma front, particles per area (m ); arc channel cross section (m ); number of elementary charges per charge carrier (unitless); elementary charge ; arc current supplied by the surface process (A); time (s); integration variable. The derivative of the surface-charge carrier density with respect to may be described as the product of a "charge carrier extraction coefficient" and the surface-charge carrier density at the plasma front as follows: (4) where is the "charge carrier extraction coefficient" (m ).The drift velocity of the charge carriers due to the applied electric field can be calculated by (5) where drift velocity of the charge carriers ; charge carrier mobility (m V s ); E field strength (V m ). This leads to (6) Substituting into (2) (7) Using (3) the arc current as a function of time can be described as (8) The substitution of drift velocity by carrier mobility and field strength gives (9) Finally, a new constant, the "surface process constant," is defined which describes the behavior of the charge carriers supplied by the surface process as (10) where "surface process constant" (V s m ); "charge carrier extraction coefficient" (m ); charge carrier mobility for the surface process (m V s ). The equivalent arc channel resistance can be calculated using (11) where is the arc voltage (V) and is the gap distance = arc length (m), which gives (12) Fortunately, (12) has the same structure as (1), but with a different constant. The value of the "surface process constant" is derived empirically to fit the measured data. It is strongly dependent on the electrode material, for brass it has a value of about 4 10 Vs/m.
3) Combination of Both Processes:
The time that the two processes need for the development differs by about one order of magnitude. This is the reason to assume that they can be modeled independently. First, the contribution of each process is calculated, neglecting the other one. Then, both are combined (13) using the parallel circuit approach shown in Fig. 2 (13)
There is a limit to which the surface process can contribute charge carriers: For field strengths below a threshold, the surface process cannot supply any charge carriers, the equivalent arc resistance of that process remains constant. We name this value the "surface process threshold field strength." The threshold field strength has been considered introducing a probability function which describes the fading of the surface process (14) where probability of charge carrier extraction (unitless); "surface process threshold field strength" (V m ); field strength (V m ); order of polynomial function (unitless).
B. Physical Model 1) Avalanche Process:
The avalanche model used here has been derived from the "Extended Toepler Law" [4] . It assumes charge carrier generation via impact ionization. Only fast charge carriers (electrons) are taken into account. The number of charge carriers generated per unit length is described by a field strength dependent ionization coefficient . The charge carrier drift velocity is also assumed to be field strength dependent. The arc channel is in thermal equilibrium and the charge carrier density is constant over the radius of the arc channel. At short-gap distances, the electrode capacitance displacement current needs to be taken into account. The displacement current cannot be measured at the terminals of the gap, but leads to faster arc channel development by supplying energy to the charge carriers due to the discharge of the gap capacitance . It is described by the first term of the sum in (15) . Furthermore, the avalanche may be start with an initial number of charge carriers . The avalanche process can be described by the following system of equations.
(15) (16) where is the gap capacitance ( ) and is the initial number of charge carriers supplied by the surface process (unitless). The impact ionization coefficient for air discharges has been investigated by Meek and Craggs [23] and Korolev and Mesyats [28] . It shows an exponential field strength dependency given by (17) (17) where is the gas pressure (torr).
Gas type dependent approximation coefficients for in air at normal pressure [28] and approximations for different electrode materials developed in this work are given in Table II , the exponential dependency of on the field strength can be seen in Fig. 5 . For short-gap ESD, the ionization coefficient needs to be about 1 order less than known values to fit the measured data.
Korolev and Mesyats [28] provide also an approximation of the drift velocity of electrons in gaseous media at different pressures (18) which predicts the dependency on field strength and gas pressure (Fig. 6) . The coefficient at high field strengths has not been found to be consistent in literature but fit our measured data cm for air (18) 2) Surface Process: In [1] , it was shown that the surface process in a short-gap ESD experiment is similar in nature to a pulsed vacuum discharge. This allows the utilization of a model that has been developed by Mesyats and Proskurovsky [27] for the computation of pulsed vacuum discharges. Following that model, a plasma front develops at cathode surface protrusions mainly due to resistive heating, melting and explosive particle emission [6] - [15] . The plasma front moves toward the anode causing a current at the gap terminals. According to [27] , the current can be described by the following system of equations: (19) (20) where ( ) shielding coefficient of the plasma front (unitless); electron mass (kg); cross section of the plasma front (m ). The negative space-charge density of the plasma front reduces the field strength at the cathode surface, which can be empirically described by a shielding coefficient. Levintov [24] assumes for K( ) a constant value of 0.3-0.6 which corresponds to our measurement data. The cross section of the arc channel is the product of the number of plasma channels and the cross section of one channel. It is assumed that each surface protrusion is a source of one conical plasma channel. The number of protrusions has been investigated using SEM techniques [1] . For brass electrode surface, used in the experiments, the number of protrusions for an arc cross section of about 0.15 mm has been estimated to (21) where is the number of surface protrusions (unitless).
3) Combination of Both Processes:
The combination has been done in a similar way as in the phenomenological model. First, the contribution of each process is calculated, neglecting the other one. Then, both are combined (13) using the parallel circuit approach shown in Fig. 2 . The fading of the surface process is inherent in (19) by taking the shielding action of the plasma front [K( )] into account.
In this model, the extremely fast surface process supplies an initial number of charge carriers to the avalanche process, which develops later in time. The number of initial charge carriers has been calculated from the current supplied by the surface process and one time step of the numerical simulation (22) where is the time step of numerical simulation (s).
IV. RESULTS AND DISCUSSION
All simulations have been done using numerical calculation under "MATLAB." The results for measured and simulated arc discharge current in different parameter ranges can be seen in Figs. 7-10 . The starting arc resistance has been assumed to be 10 M . The constants for the phenomenological model have been:
Vs/m and Vs/m. The order of the probability function W(E) has been set to . The match to the measured data has been achieved using a surface process threshold field strength for brass electrodes of about 12 kV/mm. Both models are able to reproduce the measured current in reasonable manner. The surface process constant for the phenomenological model and the shielding coefficient (K( )) for the physical model need to be fitted to the measured data. The current risetime measurement is bandwidth limited by the measurement setup to about 40 ps. This may affect the surface constant which may reflect more the measurement system bandwidth limit than the real risetime of the ESD current. The high gain supplied by and an iterative loop process causes the simulation to become unstable under some conditions.
The phenomenological model shows for higher charge voltages lower maximum currents and lower di/dt than expected. Pommerenke [4] discussed the errors of the "Toepler Law" in detail. As the phenomenological model uses the same structure for the avalanche and the surface process, one might expect that the principle errors will affect both processes in a similar fashion. The physical model has a more complicated structure. The shielding coefficient needs to be tuned for different gap distances to fit the measured data. The surface process simulation by the physical model (Mesyats) describes the current risetime ( ps) quite well but has the major drawback that it cannot describe a time delay between application of voltage to the gap and current flow. Furthermore the "Extended Toepler Law," using known ionization coefficient (Fig. 5) and an initial number of charge carriers supplied by the surface process, is not able to produce correct results. The ionization coefficient needs to be about one order below known values to fit the measurement data.
Considering all this, the phenomenological model seems to be more suitable and accurate for short-gap ESD arc current simulation in different parameter ranges. Figs. 11-14 show the behavior of voltage, current, arc resistance, and field strength for the surface and the avalanche process of the phenomenological model in detail. The current (Fig. 11 ) rises due to the surface process in an extremely short time ( 40 ps) from 0 up to 6 A. Below the surface process threshold field strength (12 kV/mm) the surface process is not able to produce charge carriers. Current, voltage and field strength at the terminals remain constant for about 200 ps. In parallel, an avalanche process starts to develop. At about 400 ps, the avalanche process is able to carry a current of A. The current rises due to the avalanche process up to a value of 11 A, limited by the applied voltage and the source resistance R. The risetime of the surface process is at least one order below the risetime of the avalanche process. The logarithmic drop of the arc channel resistance is in good agreement with measured data on short-gap ESD. It shows an asymptotic behavior with a lower border at about 10 , caused by an equilibrium of electrical input power and thermal as well as recombination losses.
Figs. 15 and 16 show the simulation of short-gap ESD arc current at different electrode materials. Table III shows the constants used for current simulation of ESD at different electrode materials. It can be clearly seen that the type of electrode material influences the surface process threshold field strength and the current supplied by the surface process. Thus, the number of initial charge carriers varies with the electrode material (Fig. 17) . Materials having a lower melting point (brass) seem to supply a higher current and more charge carriers due to the surface process. This may be a reason for the risetime variation of the avalanche process with the electrode material. The aluminum surface builds up a high melting point oxide layer at the surface which acts as an additional insulation layer for field electron emission, reducing the resistive heating process and leading to reduced particle emission (i.e., reduced number of initial electrons ). The avalanche process simulated by the physical model ("Extended Toepler Law") develops too fast for some electrode materials (Fig. 15) . The reason for that behavior however is unclear.
A further fit of the ionization coefficient may be needed. To attain a more consistent behavior, the movement, size and shielding properties of the space charge of the plasma front need to be considered in a more sophisticated way. It may be done by simulation on particle level [30] , however, the lack of sufficient computing power stops us for now.
The charge carrier emission increases slightly by voltage (Fig. 17) . Assuming mainly resistive heating of the electrode surface due to field emission current [6] , the increasing voltage supplies more energy into the electrode surface leading to faster and/or deeper heating and explosive emission of more charge carriers into the gap.
V. CONCLUSION
Two models have been proposed for short-gap ESD modeling, a phenomenological model and a more complicated physical model. Both models are able to fit measured data on short-gap ESD in a reasonable manner. However the simple, phenomenological model seems to be better suited for the modeling of short-gap ESD. The models of the surface process and the avalanche process have been combined to facilitate a consistent time dependent behavior of the electrical parameters of an arc discharge in air.
An explosive charge carrier emission from electrode surface protrusions dominates the initial phase of the discharge. In the first approach, a model having a mathematical structure similar to an avalanche model is used for describing the surface process. The second approach to simulate the surface process has been derived from pulsed vacuum discharge modeling. However, the first approach gives better results.
The avalanche process has been simulated using the "Toepler Law" and the "Extended Toepler Law." The "Extended Toepler Law," using an initial number of charge carriers supplied by the surface process and known values for the ionization coefficient is not able to fit the measured data on short-gap ESD. Values for , able to fit measured data in an avalanche simulation on short-gap ESD at different electrode materials have been provided.
